With the advent of molecular cloning methods, the amino acid sequences for a number of membrane proteins have been determined. The relative paucity of detailed three-dimensional structural information available for these molecules has led to attempts to predict the secondary structures of membrane proteins based on folding motifs found in soluble proteins of known three-dimensional structure and sequence. In this study, we evaluated the accuracy of several of these methods in predicting the conformation of 15 integral membrane proteins and membrane-spanning polypeptides for which both primary and secondary structural information are available. x2 analyses indicated a less than 0.5% correlation between the net predicted secondary structures and the experimental results. A more stringent test of the accuracy of the methods, the index of prediction, was calculated for individual residues in four of the polypeptides for which the crystal structures were known; this criterion also indicated that the predicted assignments for the secondary structures of the residues were inaccurate. Thus, prediction schemes using soluble protein bases appear to be inappropriate for the prediction of membrane protein folding.
The fatty acyl chains of lipid molecules present a hydrophobic environment to proteins that are embedded in membranes. This environment provides a very different solvation matrix than water, consequently membrane proteins tend to fold in different manners than soluble proteins. There exists less information on the structures of membrane proteins than on soluble proteins because the particulate nature of membranes renders ineffective many physical methods conventionally used to elucidate the structure of soluble proteins. Although solubilization in detergents or organic solvents decreases particle size, the accompanying perturbation of the environment may destroy native protein structure and function. Technical advances have made possible the experimental determination of membrane protein secondary and tertiary structures by spectroscopic and diffraction methods. The application of these methods to membrane proteins, however, has not kept pace with the rapid growth in amino acid sequence information provided by molecular cloning technology. Hence, interest has arisen in methods to predict the secondary and tertiary structures of membrane proteins based on their primary structures.
Renaturation studies have indicated that the secondary structures of many soluble proteins are determined solely by their amino acid sequences (1) and, thus, it may be possible to predict their folding from their primary sequences. For membrane proteins, however, the folding process may be more complicated: while some proteins clearly contain in their sequence all the information necessary to refold properly even after complete denaturation (2) , others require the presence of membranes cotemporally with biosynthesis to ensure proper folding and insertion (3) .
Empirical schemes for predicting secondary structures have been developed based on the propensities of amino acids to adopt certain types of secondary structures in soluble, globular proteins (4) (5) (6) . The most widely used of these methods is that of Chou and Fasman (4) . Using a data base comprised of 15 water-soluble proteins whose conformation had been determined by x-ray crystallography, the probability of each of the 20 commonly found amino acids being in a-helical or /-sheet conformations was calculated. These probabilities, when applied to empirical rules concerning the initiation and termination of helices and sheets, were used to predict the secondary structures of proteins of known sequence. The authors reported that they were able to predict soluble protein structures with approximately 80% accuracy (7, 8 (9) proposed an alternate approach to prediction of secondary structure based on two structural principles found in globular proteins: their compactness of form and the presence of a tightly packed hydrophobic core within a shell. While all of these methods were developed for soluble proteins, the paucity of structural information available for membrane proteins has led to attempts to utilize these empirical schemes to predict the structures of membrane proteins (10) (11) (12) (13) . However, these approaches may not accurately predict membrane protein structures, which are influenced by the hydrophobic and anisotropic lipid environment in which the protein is embedded. This lipid "solvent," unlike an aqueous milieu, cannot form hydrogen bonds with the protein and, consequently, solvates neither peptide amino and carbonyl groups nor exposed polar side chains. Secondary structures such as a-helices and /-sheets, which permit hydrogen bond formation between all backbone groups, might be expected to be formed with different probabilities in membrane proteins than they are in soluble proteins. Novel folding motifs for membrane proteins may also arise due to potential hydrophobic and steric interactions between the lipid fatty acyl chains and protein amino acid side chains or structural constraints imposed by the asymmetry of the membrane.
Prediction methods developed for membrane proteins have concentrated on identifying those segments buried in the membrane as compared to those located in the extramembranous regions. In the most widely used of these methods, that of Kyte and Doolittle (14) , a hydropathy scale was derived for amino acid side chains based, in part, on the water-vapor free energies and the interior-exterior distribution of amino acid side chains. Though this method made no explicit prediction as to secondary structure, many workers
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have modeled predicted hydrophobic segments that were approximately 20 amino acids long as a-helical since these would be of sufficient length to span a bilayer (15) (16) (17) . However, polar residues and ion pairs may also exist in membranes (18 (15, 17, 19, 20) .
Recognizing the possible limitations of these various approaches to predicting secondary structures of membrane proteins, this study has investigated the applicability of these methods for a number of membrane proteins of known structure. We compared the secondary structures predicted by the methods of Chou and Fasman (4), Burgess et al. (5), and Garnier et al. (6) with available experimental secondary structural data on 15 membrane proteins of known sequence. The Lim approach (9) was applied to one protein, glycophorin. Predictions of membrane-spanning regions by the Kyte and Doolittle (14) and Goldman-Engelman-Steitz (21) algorithms were compared with the experimental a-helix content for large proteins that have substantial intra-and extramembranous domains to determine if there is a correlation between hydrophobic and helical regions.
METHODS
The sequences of 15 membrane proteins of known secondary structure were used to test the accuracy of the predictive methods. The proteins were: acetylcholine receptor (22, 23) ; a-toxin from Staphylococcus aureus (24) ; bacteriorhodopsin (25, 26) ; colicin El (13); crambin (27) ; cytochrome b5 (11) ; glycophorin (28); lactose carrier (17); porin (12) ; H+-ATPase proteolipid (29) ; rhodopsin (30); Na+/K+-ATPase (16); and the L, M, and H (31, 32) chains ofthe photosynthetic reaction center from Rhodopseudomonas viridis. For proteins in which the membrane-spanning regions have been identified and for which structural data is available, predictions were made for the fragments as well as for the intact proteins. These fragments may be more indicative of polypeptide in contact with a hydrophobic environment.
The experimental data for the proteins were provided by one or more of the following methods: x-ray crystallography, x-ray diffraction, electron microscopy (image reconstruction), Raman spectroscopy, infrared (IR) spectroscopy, and circular dichroism (CD) spectroscopy. These included published data from other laboratories as well as data from our own. Whenever possible, experimental results from more than one laboratory and/or determined by more than one method are included so that limits of reliability of the measurements can be evaluated. This multiplicity of determinations gives rise to the ranges of experimental secondary structures reported. Since some of the published CD studies provided spectra with little or no secondary structural analysis, and to ensure consistency in our method of analysis, all published CD data were reanalyzed (33) using data in the 240-to 190-nm wavelength range and a set of reference spectra derived from 15 water-soluble proteins (34). In general, the results thus obtained corresponded closely to any values that were given in the original reports. In cases where structural studies were not conducted in membranes, data reported are for the conformation of the protein in a detergent environment, which may mimic the membrane.
All of the protein sequences were analyzed by the methods of Chou and Fasman (4), Burgess et al. (5) , and Gamier et al. (6) . Both the Chou and Fasman (4) and the Burgess et al. (5) analyses employed a computerized algorithm written by E. Elinopolis of Leeds University. Some ambiguity is inherent in the interpretation of the Chou and Fasman analysis (4) due to overlapping stretches that exhibit high probabilities to form both a-helix and P-sheet structures. The lower end of the predicted ranges reported in this paper include only those residues that are predicted solely as helix or sheet. The higher values include the overlapping regions and additional helical residues that arise due to aspartate-, proline-, or argininehelix promotion. Analyses by the Gamier et al. method (6) were done using an algorithm written by George Thomas of Southeastern Massachusetts University (35), using decision constants of zero for both helices and sheets, so as not to bias the calculated values.
As a control, two soluble proteins included in the Chou and Fasman reference data set (4) (6) . The failure of the Burgess et al. prediction method (5), which contains information from only eight soluble proteins in its data base, illustrates the limitations of using a small data basis set even for soluble proteins.
Since most of the experimental data available is for the net secondary structures of the proteins and not for conformations of individual residues, only overall conformations could be compared. The correlations between the net predicted and mean experimental values for a-helix or p-sheet structures were individually assessed by a x2 analysis. Both the mean and "best-case" predicted secondary structures were used for the calculations. Correlation coefficients were also determined for the experimental and calculated structures. This latter method of statistical analysis is valid only for normal distributions about a mean value. For the Burgess et al. (5) calculations, where nearly all the predicted structures have approximately the same value rather than a normal distribution, the correlation coefficient was not calculated.
The crystal structures of four of the polypeptides [crambin (36) and reaction center H, L, and M chains (37)] have been determined to high resolution, so the number of individual residues predicted to be in the correct conformation could be determined. To measure the accuracy of the prediction methods, we used the index of prediction, P (5), where: P = NsQ -1 for 0 < Q < 1/Ns, and P = (NsQ -1)/(Ns -1) for 1/Ns < Q < 1, where Q is the fraction of residues assigned correctly, and N, is the number of states possible for each residue. A three-state model was used, where each residue could be in an a-helical, a-sheet, or any other type structure.
For no correct states P = -1, P = 0 for a randomly assigned conformation, and P = 1 if all states are correctly defined.
Five (14) and the Goldman-Engelman-Steitz (21) methods fail to predict any transmembrane segments for porin, an integral membrane protein that is dominated by p-sheet structure (50, 51).
To assess the reliability of the experimental data, we must consider the accuracy of the methods. The secondary structures of a number of these proteins have been determined by more than one method, and these values usually differ by <5%, considerably less than the difference between predicted and mean experimental values. A substantial amount of structural data used herein was derived from CD spectroscopy. For soluble proteins, a strong correlation exists between the helical content calculated from CD data and that found by x-ray crystallography (34). However, the sheet content, while a reasonable estimate, is not as accurately determined (34). Consequently, we feel most confident in comparisons of experimental and predicted helix contents. Fig. 1 shows the lack of correlation between the experimental and predicted values for helices. If the correlation were exact, the points would fall along the identity line. Clearly there is no correlation between the experimentally determined helical content and any of the predicted values. An additional caveat for the CD data is that secondary structural compositions are calculated using a reference data set of 15 water-soluble proteins (34). This data base may not be entirely appropriate for membrane proteins since the dipoles of the peptide chain backbone responsible for the characteristic spectral shape may be influenced by the surrounding solvent dipole (46). However, for each type of secondary structure the relative orientations ofthe dipoles ofthe peptide backbone are rigidly defined, and, therefore, its characteristic spectral wave form is independent of environment. The correspondence between the spectroscopically determined structures of crambin (46) and of bacteriorhodopsin (43) and the structures as determined by x-ray crystallography (36) and image reconstruction (44), respectively, argues that the spectroscopic data base may be appropriate.
In summary, the methods of Chou and Fasman (4), Garnier et al. (6) , and Burgess et al. (5) are useful tools in predicting soluble protein structures but appear to be inappropriate for predicting the structures of membrane proteins. The 15 proteins examined in this study span a wide range of size, hydrophobicity, and distribution of structural types (from the primarily a-helical bacteriorhodopsin to the primarily p-sheet a-toxin). Assuming that these proteins are a representative subset of membrane proteins in general, it follows that these schemes will not accurately predict other membrane protein secondary structures. It is reasonable to conclude that other empirical prediction methods using data bases derived from nonmembrane protein structures will also prove inapplicable for membrane proteins. The current data base for membrane protein topologies is probably not sufficient to conclusively determine the accuracy of the Kyte and Doolittle (14) and Goldman-Engelman-Steitz (21) algorithms. It is anticipated that progress in the field of membrane protein studies will eventually provide sufficient structural and sequence information to allow compilation of data bases for the accurate prediction of membrane protein secondary structures. Until that time, however, it is clear that all secondary structure predictive methods should be considered "conceptual tools" and should not be used to ab initio predict the folding of membrane proteins.
